Introduction: The aim of this work was to optimize the formulation composition of DanHong injection and to study the disturbance of microscopic components of cerebral ischemia in amino acid metabolites and metabolic pathways. The subtle relationship among these three substances and the influence of metabolic pathways were also studied. Methods: In this study, the central composite design (CCD) matrix and response surface methodology (RSM) were used to design the experiments and to evaluate the interactive effects of three substances. Targeted metabolomics was used to detect the amino acid variation in CCD sets. Results: Response surfaces were generated, and the formulation was optimized by superimposing the contour plots. It was found that the optimum values of the responses could be obtained at an SAB concentration (x1) of 8-9 mg/kg, a TSN concentration (x2) of 14-16 mg/kg, and an HSYA yellow A concentration (x3) of 6 mg/kg. Statistical analysis showed that the three independent variables had significant effects (p < 0.05) on the responses. A total of 22 experimental runs were performed, and the kinetic data were analyzed using a second-order polynomial. Model algorithm calculation indicated that glutamic acid, serine, leucine, glycine, and valine had a very close correlation with the active ingredients. Methionine, aspartic acid, asparagine, glutamic acid, and valine were important for distinguishing different groups, and they were identified as potential biomarkers. Cluster analysis and pathway analysis indicated that the valine, leucine, and isoleucine degradation (VLI degradation) pathway was the major metabolic pathway. Arginine and proline metabolites were most frequently detected, and they were closely associated with other networks according to the network analysis results. VLI degradation pathway and arginine and proline metabolism pathway had a significant influence on cerebral ischemia. Discussion: The integration of CCD and metabolomics may be an effective strategy for optimizing the formulation composition and identifying the mechanism of action of traditional chinese medicine.
Introduction
The physical properties of all substances are determined by their main components and microstructures; therefore, it is important to ensure the stable uniformity of these components of Chinese medicinal materials. Identifying the relationship between the characteristics of the main components and their pharmacologic effects is a critical problem in the modernization of Traditional Chinese Medicine (TCM). [1] [2] [3] The central composite design matrix and response surface methodology (CCD-RSM) is an approach that has been widely applied to the formulation and process optimization in pharmaceutics. 4 DovePress are a number of variables involved in the development of a pharmaceutical formulation and its associated process, the advantages of a systematic approach using experimental design optimization techniques and chemometric data evaluation are obvious. [7] [8] [9] [10] [11] DanHong (DH) injection is a traditional Chinese medicine widely used for treating cerebral ischemia by promoting blood circulation, dilating blood vessels, lowering levels of fat in the blood, exerting an anti-inflammatory effect in traditional medicine. It is commonly used in clinical practice in China for treating conditions such as cerebral infarction, thrombosis, trauma, subarachnoid hemorrhage, subdural hematoma, and the recurrence of fundus or retinal hemorrhage. 12 The highperformance liquid chromatography (HPLC) fingerprint from different numbers of DH injection and the quality control condition of DH injection can be seen in Figures S1 and S2. The substances tested were Salvia miltiorrhiza and safflower, with main active ingredients including salvianolic acid B (SAB), tanshinol (TSN), and hydroxysafflor yellow pigment A (HSYA). The main reason for selecting these ingredients as the research objects is that they are the main components and the typical representatives of DH injection. [13] [14] [15] Research has shown that SAB, TSN, and HSYA may have a positive effect on brain damage. Chen Yulin et al 16 explored the protective effects of the active ingredients of Salvia miltiorrhiza and safflower (TSN, SAB, HYSA, and salvianolic acid A (SAA)) in different combinations on cerebral ischemiareperfusion injury in rats, and found that the active components can play a protective role in endoplasmic reticulum stress and inflammation in these rats. Song Jinjun et al 17 also found that the water-soluble components of Salvia miltiorrhiza and safflower may significantly reduce the symptoms of neurological deficits, promote the reversal of symptoms of neurological deficits, visibly decrease the volume of brain tissue infarction, reduce brain index and brain water, increase the activity of superoxide dismutase (SOD), reduce the levels of malondialdehyde (MDA), IL-1β, IL-6, and TNF-α, and inhibit reduction or disappearance of Nissl bodies.
It has been shown that the development of cerebral ischemia is closely related to the metabolic spectral migration of amino acids. 18 Amino acid analysis is an important part of metabolomics, 19 and a previous study suggested that Chinese medicine could treat rats suffering from stroke-related ischemia/reperfusion (I/R) injury by ameliorating the disorder in amino acid metabolism. 20 Therefore, our study was conducted to explore how the relative contents of amino acids and their metabolic pathways changed after the alteration of amino acid profiles by the active ingredients of DH injection.
We then studied the disturbance of the microscopic components of cerebral ischemia in amino acid metabolites and metabolic pathways to investigate via metabolomics whether the amino acid metabolome is affected on the microscopic level after prescription optimization. Metabolomics, which focuses on the relative relationship between metabolites and physiological and pathological changes, was used to further assess metabolic features after the introduction of three active ingredients to determine the potential benefit in treating cerebral ischemia, and to identify the relationship between the active ingredients and their metabolites. [21] [22] [23] [24] This may help to identify the mechanism of action of TCM.
In our study, the chemometric method was used for the screening and optimization of factors influencing the extraction efficiency by employing CCD-RSM. The purpose of our work is to illustrate the suitability of this approach for selecting an optimal formulation and analyze the relationship between the optimized dose with microscopic amino acid metabolites and pathways.
Materials and Methods

Central Composite Design
CCD has been widely used for building a second-order model, and it requires a minimal number of experiments. The independent process variables were obtained at an SAB concentration (x1), a TSN concentration (x2), and an HSYA concentration (x3), which were defined as the factors, and the volume of cerebral infarction (y) was used as the response. The data obtained for the three responses in each trial were fitted to the classical second-order polynomial model. These variables were investigated at five levels (-1.732, -1, 0, 1, and 1.732), and 20 batches were prepared and evaluated for the volume of cerebral ischemia (y) as the dependent variable. Second-order models were obtained to fully describe the influence of the independent variables on the selected responses.
The Minitab software (V17.2) package was used to design and evaluate the response of these three independent variables at five levels. The ranges for the selected levels of the four variables are shown in Table 1 . The experimental extraction yield at different selected levels of variables is shown in Table 2 for 20 batches.
The formulations are listed in Table 1 in a coded form. The experiments were conducted in a random sequence with the center points being repeated three times to minimize experimental error.
The materials and methods of sample acquisition and preprocessing, preparation of the middle cerebral artery occlusion model, calculation of cerebral ischemia volume (in Figure S3 ), HPLC sample treatment, instruments and reagents, online derivatization, metabolic profiling, validation of assay method, and data and pathways analysis were the same as in the references, 25 and were placed on the attachment. (See Supplementary Material)
Results
Analyses of Response Surfaces and Fitted Data
We primarily investigated the active components of the DH injection. The preparation of prescription DH injection was performed on the basis of Table 2 . The results showed that 20 different prescriptions had different effects on the treatment of cerebral infarction in rats, and the area of cerebral infarction was an important index in the design of the star point. The quadratic polynomial model for describing the mathematical relationship between the inspection of indexes and the three factors was ascertained based on the concentrations of SAB, TSN, and HYSA, with the index of cerebral infarction as the area of investigation, using the multivariate linear model, and then the response surface and contour map were drawn to determine the best prescription. A reliable quantitative relationship between the three factors and the index was obtained through the quadratic polynomial model. The predicted values of the optimized prescription were very close to the measured values. According to the polynomial equation obtained by the model, the 3D response surface and the 2D contour surface of each index and factor were plotted by Matlab software (V17.2).
It can be seen from the response surface chart that as the area of "1 cerebral infarction %" gradually decreased, the dose of HSYA increased monotonically ( Figure 1A) , while the doses of TSN and SAB were increased initially and then decreased ( Figure 1B and C). The optimal prescription for the injection obtained from the composite contour curves was TSN 14-16 mg/kg, SAB 8-9 mg/kg, and HSYA 6 mg/kg. The response surface was evaluated and optimized based on the relationship between the cerebral infarction area and the composition of three ingredients, and then the model was obtained. The following second-order polynomial equation was proposed for the prediction of CI yield as a function of different variables:
Screening of the Relationship Between the Three Active Components of DH Injection with the 20 Variables of the CCD Group
We next studied the disturbance of the microscopic components of cerebral ischemia in amino acid metabolites and metabolic pathways. Metabolomics was used in this study to identify the relationship between the active ingredients and their metabolites. Typical HPLC-FLD amino acid profiling is shown in Figure 2A . The potential metabolites were identified by comparing corresponding standards according to their retention times. In all, the following order of 20 metabolites was analyzed: 1) aspartic acid, 2) glutamic acid, 3) asparagine, 4) serine, 5) histidine, 6) glycine, 7) alanine, 8) citrulline, 9) threonine, 10) arginine, 11) taurine, 12) tyrosine, 13) valine, 14) methionine, 15) tryptophan, 16) phenylalanine, 17) isoleucine, 18) ornithine, 19) leucine, and 20) lysine (norvaline is the internal standard [IS]). The relationship between the 20 variables of the active ingredient compatibility group (CCD group) and the compound monomer was screened. We arranged the doses of the compound monomer from small to large, and they were grouped on the basis of the concentration. Obviously, the contents of glutamic acid and valine changed according to the concentrations of the three compounds. The activity of TSN was closely associated with glutamic acid and valine. The activity of HSYA was closely DovePress associated with leucine ( Figure 2B) . The relationship between the area of cerebral infarction and amino acid concentration was then further analyzed. The box was the combination of cerebral infarction and amino acid concentration according to the compound ( Figure 2C ). Cerebral infarction was transformed into "1 cerebral infarction %" and then it was allocated into the following three groups: −1 (0.51-0.7), 0 (0.7-0.9), and 1 (0.9-1). Figure 2B shows that with the monotonic increase in the CI area, Glu, Ser, Leu, Gly, Val, and the CI area showed a monotonically increasing or decreasing trend, especially Val. In this case, variance analysis demonstrated the significance of the concentration of Val, which showed a negative effect on the infarct area. Thus, with an increasing presence of Val, a smaller CI volume was observed. Evaluation of the standardized effects of the variables in the CCD group was also performed. The model group analysis method was used to evaluate the standardized effects of the variables. The ordinate represents the importance of the reaction variables ( Figure 2D) ; glycine, valine, isoleucine, and leucine showed an impact in distinguishing the 20 prescription groups.
Multivariate Statistical Analysis of the Amino Acid Metabolites of the 22 Groups
We also used chemometrics to analyze the changes in amino acid metabolite microcomposition. PCA (principal component analysis) is a multivariate statistical analysis method that uses linear transformation to select a few important variables. Initially, 2D-and 3D-PCA score plots were obtained from the HPLC-FLD data of the three groups ( Figure 3A and B) , using PCA analysis. A nearly complete separation in metabolic profiling was detected. The X-axis represents the score of principal component 1 (PC1), while the Y-axis indicates the score of PC2 (R2X=0.845; Q2=0.516) ( Figure 3B ).
Outlying trend analysis showed that in the sample space, the points that were inconsistent with the general behavior and characteristics of other samples became the outliers, as shown in Figure 3C . Only five potential outlier variables obviously deviated. Next, 15 variables were added in these treatment groups, which were screened out based on the variable importance of projection (VIP) value >1 compared with the vehicle group ( Figure 3D ). Features were ranked according to their contributions to the classification accuracy (mean decrease accuracy). Methionine, aspartic acid, asparagine, glutamic acid, valine, etc., were excreted when the VIP value was >1, and Heatmap and Hierarchical Clustering were used to identify the samples/features that were unusually high or low ( Figure 3E and F). The two common findings were that the three groups could be distinguished by amino acid detection in space by cluster analysis, and that the CCD group was more likely to resemble the healthy group.
Effect of Doses Changed After CCD Design on Serum Amino Acid Metabolic Pathways
The detailed results of the pathway analysis and the changing processes in amino acid metabolic pathways compared with those in the vehicle and sham groups are illustrated in Table S2 . When comparing the vehicle group with the sham group, biomarkers were obtained without interference, which can be further researched on biological significance. When comparing from vehicle group with the CCD (1-20) group, some biomarkers regulated by efficient active ingredients were obtained. The changing processes of the amino acid metabolic pathways were compared with those in the vehicle and sham groups. In CCD, the amino acid metabolic pathways in 20 CCD groups were concentrated in a total of 78 channels (IF>0.1), and nine non-overlapping metabolic pathways were involved. The frequency of these can be seen in Figure 4A (see the attached Table S1 for the full form of the abbreviation). We found that Arginine and proline metabolism (AAP metabolism) most commonly occurred during our research.
The detailed results from the pathway analysis are shown in Table S2 , and the changing processes of amino acid metabolic pathways compared with the vehicle and sham groups are illustrated in Figure 4 . The channel number and the properties of the pathways, such as the name of the related pathways, the total compound of the pathway, the number of hits, and the impact value, were all changed abnormally due to drug intervention according to MetPa and MetaboAnalyst; however, the relationship between this change law and CCD design cannot be analyzed.
The following potential biomarkers were found in the results: glutamic acid, serine, leucine, glycine, methionine, aspartic acid, asparagine, glutamic acid, and valine. These biomarkers were identified by MetPa and MetaboAnalyst systems, which can combine strong channel analysis with topological analysis to determine the most likely correlation pathways under experimental conditions. Nine nonoverlapping metabolic pathways were involved, and the frequency of these can be seen in Figure 4A . The graph of the series of concentrated metabolic pathways was obtained ( Figure 4B ), and the main metabolic pathway was the VLI degradation pathway ( Figure 4C ). The analysis of the concentrated effect of the 78 channels also showed that the VLI degradation pathway occupied the third place, following protein biosynthesis and ammonia recycling ( Figure 4D ). The result of the association rule is shown in Figure 4E , and the network display of amino acid metabolic pathways is shown in Figure 4F . The confidence level of the rules was greater than 0.7. AAP metabolism had the highest correlation with the other pathways, as the confidence level was equal to 1.
Based on the information above, we speculated that VLI degradation and AAP metabolism showed maximum changes during the metabolic process of cerebral infarction.
Discussion
The CCD response surface method was performed, and a good CCD model experiment that concluded the projection of the highest point and the metering was performed. Finally, the prescription optimization of DH injection was implemented based on the quadratic polynomial model for optimization. Then, we applied amino acid metabolomics to detect the plasma levels in 81 experimental rats and obtained a clear map of amino acid metabolism.
Analysis of Various Signals and Metabolic Pathways of Cerebral Ischemic Disease
We used the model algorithm to show that glutamic acid, serine, leucine, glycine, and valine were very closely correlated with the active ingredients. During chemometric analysis, we found that the amino acid metabolites actually caused a difference among the three groups.
Five variables (methionine, aspartic acid, asparagine, glutamic acid, and valine) were found to be important for distinguishing between the different groups. These were the potential biomarkers. Finally, on cluster analysis and pathway analysis, the potential biomarkers were found to be concentrated in the VLI degradation pathway. Arginine and proline metabolites were most frequently detected, and they were closely associated with other networks according to the analysis of network association rules. We speculated that VLI degradation and AAP metabolism showed maximum changes during the metabolic process of cerebral infarction. This experiment revealed the microcosmic effect of the optimized prescription of DH injection.
Through the analysis of network topology, nine biomarkers that significantly contributed to the classification of model groups and blank groups were preliminarily screened and identified. Two metabolic pathways were identified by the ischemic organization. The endogenous metabolites were mainly involved in protein biosynthesis, ammonia process, and VLI degradation.
In addition, the CCD group was closer to the blank group through the relative distance analysis of the blank group. The content of the metabolic product may recover to the level of healthy gradually.
The Complex Relationship Between Amino Acid Metabolites and Cerebral Ischemic Diseases
When there is valine deficiency, the function of the central nervous system in rats can be disturbed, and the limbs tremble in the form of ataxia. Excessive glutamate release and consequent calcium influx are associated with the death of ischemic neurons. The activity of TSN was closely associated with GLU/VAL. Some studies have shown that TSN can reduce the damage to cerebral cortex cells in rats. 26, 27 The preliminary findings of metabolomic analysis imply a further recognition of the protective effects of cerebral ischemia on the endogenous material level by raising the valine level and decreasing the glutamate level. 28, 29 Also, arginine and proline metabolism, and valine, leucine, and isoleucine degradation were found in this section. The two signaling pathways associated with cerebral ischemia occupied a core and important position, which has an important influence on the generation and maintenance of cerebral ischemia. 30, 31 
